ABSTRACT. Anthocyanidin synthase (ANS), a 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase, catalyzes the penultimate step in anthocyanin biosynthesis, from leucoanthocyanidins to anthocyanidins, the first colored compound in the anthocyanin pathway. In this study, a full-length, 1427-bp long cDNA named RnANS1, which is homologous to the anthocyanidin synthase gene, was cloned from blackcurrant using a homologous cloning strategy. RnANS1 is highly homologous to other plant ANS genes at both the nucleotide and amino acid sequence levels. The deduced protein contains domains conserved in the 2OG and Fe(II)-dependent oxygenase, and is phylogenetically closely related to Paeonia suffruticosa and Paeonia lactiflora. The expression of RnANS1 was upregulated during fruit maturation, and correlated with the accumulation of anthocyanins and soluble carbohydrates in the fruit. Further characterization of the structure and expression patterns of RnANS1 will clarify our understanding of anthocyanin biosynthesis in (2015) blackcurrant, and support the development of molecular approaches to manipulate anthocyanin production in this plant.
INTRODUCTION
Anthocyanins, together with flavonols, flavones, and proanthocyanidins (PA), belong to the flavonoid class of secondary metabolites, which impart vivid colors to the flowers, fruits, and vegetative tissues of higher plants. Anthocyanins have well-characterized biomedicinal properties, including inhibition of cell proliferation, in addition to antimutagenic, antimicrobial, anti-inflammatory, and antihypertensive properties (Bohm, 1998; Harborne and Williams, 2000; de Pascual-Teresa and Sanchez-Ballesta, 2008) . Anthocyanins and PAs are the two major functional flavonoids in plants, which counteract e ultraviolet radiation and microbial and fungal infections in the vegetative tissues of grapevines (Harborne and Williams, 2000; Chamkha et al., 2003) , and contribute to the color, astringency, and quality of grape berries and wine (Chamkha et al., 2003; Bogs et al., 2005) . Furthermore, their antioxidative activity has beneficial effects on human health, including protection against free radical-mediated injury and cardiovascular disease (Halliwell et al., 2005) .
A key enzyme in the complex anthocyanin biosynthetic pathway is anthocyanidin synthase (ANS; EC1.14.11.19), which catalyzes the terminal oxidation of leucocyanidins to colored anthocyanins such as dihydroquercetins, using 2-oxoglutarate (2OG) as the substrate (Holton and Cornish, 1995; Xie et al., 2004) . ANS is a member of the oxoglutarate irondependent dioxygenase family of enzymes, and is homologous to flavonol synthase (FLS) in the flavonoid biosynthetic pathway (Li et al., 2008) . Homologs of ANS have been cloned and characterized in a variety of plants (Saito et al., 1999; Nakajima et al., 2001; Jin et al., 2005; Shimada et al., 2005; Wellmann et al., 2006) . ANS contains a multicomponent active site containing metal, co-substrate, and two molecules of a substrate analog (dihydroquercetin), according to analysis of the crystal structure of the enzyme in Arabidopsis (Wilmouth et al., 2002) . ANS expression has been shown to be regulated in specific tissues and cell types during plant development in response to a variety of stimuli, including stress (Gollop et al., 2001; Bogs et al., 2005; Castellarin et al., 2007; Deytieux et al., 2007) .
Blackcurrant (Ribes nigrum L.) is a shrub in the family Grossulariaceae, which is commonly cultivated in temperate regions for its piquant black-colored berries, which at maturity are high in anthocyanins and vitamins. A better understanding of the molecular mechanisms underlying the regulation of anthocyanin in blackcurrant would help modify farming practices to improve fruit quality, as well as provide insights into the mechanisms involved in the anthocyanin metabolic pathway. Here, we report for the first time the cloning and expression analysis of the blackcurrant ANS homolog RnANS1, in various stages of fruit development.
MATERIAL AND METHODS

Materials
Fruits and their peels were harvested from blackcurrant plants (cv. Broad) at five different developmental stages: prior to coloration, 20% colored, 50% colored, 80% colored, and mature (Figure 1) , and grown at the germplasm nursery of the Horticultural Experiment Station at the Northeast Agricultural University (Harbin, China). Samples were flash-frozen in liquid nitrogen and stored at -80°C for subsequent use. 
RNA extraction and cDNA synthesis
Total RNA was extracted from frozen peel tissue using a modified CTAB method, and first-strand cDNAs were synthesized by reverse transcription using a PrimeScript TM RT reagent kit (TaKaRa, Dalian, China), following the manufacturer protocol.
Cloning of RnANS1
A pair of degenerate primers was designed using sequences homologous to those of ANS homologs cloned from upland cotton (Gossypium hirsutum), cocoa (Theobroma cacao), and apple (Malus domestica). The sequence of the forward primer ANS-F was 5'-GC(T/A) GC(C/T/A)(A/G)TGGA(T/G)TGGGG(T/A/G)GT(G/C)ATG-3', and that of the reverse primer ANS-R was 5'-GCTTGAGTGGGAGGACTACTTCTTC-3'. The primers were used to amplify RnANS1 cDNA from reverse-transcribed cDNA in a 50-μL reaction containing 1 μL Taq DNA polymerase (5 U/μL; TaKaRa, Dalian, China), 5 μL 10X Taq polymerase chain reaction (PCR) buffer, 4 μL dNTP mixture (2.5 mM each), 4 μL cDNA template, and 2 μL of each of the primers (10 pmol). The amplification conditions were as follows: pre-denaturation at 95°C for 5 min, followed by 35 cycles of denaturing at 95°C for 40 s, annealing at 56°C for 30 s, extension at 72°C for 1 min, and a final extension at 72°C for 10 min. The amplified products were separated by 1% agarose gel electrophoresis. Fragments were recovered from the gel, ligated into a pGEM ® -T Easy Vector (Promega, Madison, WI, USA), and transformed into Escherichia coli TOP 10 cells (Promega). Positive clones were selected and sequenced at Sangon Biotech (Shanghai, China).
To obtain full-length RnANS1 cDNA, the 5' and 3' ends of the cDNA were amplified by RACE (rapid amplification of cDNA ends). Nested primers for the 3' and 5' ends were designed according to the conserved sequences obtained from the PCR products. They were 3RACEP1 (5'-GCAGTGGTATCAACGCAGAGTACTTTTTTTTTTTTTTTTTTTTTTTTTT-3'), 3RACEP2 (5'-GCAGTGGTATCAACGCAGAGTAC-3'), ANS3r1 (5'-CCAAATGTCCTCA ACCAGAACTAGCCCT-3'), ANS3r2 (5'-GAGTGCACTCACCTTCATACTCCAC-3'), 5RACEP1 (5'-GGCCACGCGTCGACTAGTACGGGGGGGGGGGGGG-3'), 5RACEP2 (5'-GGCCAC GCGTCGACTAGTAC-3'), ANS5r1 (5'-AACCCAAGCGATAAAGTTGAAAGCATGTC-3'), and ANS5r2 (5'-CTTGCGTACTCCGCTGTCACTTCAGTAT-3'). PCRs were carried under the same conditions as described above. The first and second rounds of nested PCR were run for 35 and 20 cycles, respectively. Amplified 3' and 5' terminal fragments were recovered from the gels and sequenced as above. After removing vector sequences using Vector II (version 9.0), sequences were assembled using DNASTAR (Madison, WI, USA) to obtain full-length cDNA.
Sequence analysis
The open reading frame (ORF) of the ANS cDNA sequence was identified using ORF Finder (NCBI; http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The molecular weight and isoelectric point of the deduced protein were determined using ProtParam (http://web.expasy.org/ protparam), and conserved regions were identified using BlastP (NCBI; http://www.ncbi.nlm. nih.gov/Structure/cdd/wrpsb.cgi). Protein family membership was predicted using Pfam 27.0 (http://pfam.sanger.ac.uk/), and multiple sequence alignment was carried out using Clustal X1.81. Phylogenetic tree analysis was carried out using MEGA (Tempe, Arizona, USA).
Gene expression analysis
Total RNA was extracted from blackcurrant berries at each developmental stage using the modified CTAB method. After DNase digestion to remove genomic DNA, the first strand of cDNA was reverse-transcribed using RNA as a template, as described above. Quantitative real-time PCR was performed using a MiniOpticon quantitative PCR instrument (BioRad, Hercules, CA, USA) to analyze the ANS transcript levels, using SYBR ® Green as the fluorescent dye. The primers used were ANS1-F (5'-GTGTCATGCACCTTGTCAACCATG-3') and ANS1-R (5'-CGTACTCCGCTGTCACTTCAGT-3'), which generated an expected 285-bp long product. The Actin gene was amplified as an internal control using the primers actin-F (5'-CCGTCTCCAGAGTCCAGAACAATAC-3') and actin-R (5'-CTCACTGAAGCTCCTCT CAACCCAAAG-3'). Each set of samples included three duplicates. Levels of ANS transcripts were expressed relative to those of the Actin gene.
Determination of anthocyanins and soluble carbohydrates
Fruit anthocyanin content was determined as described previously (Pirie and Mullins, 1976) . Briefly, 0.5 g fresh fruit peel was homogenized and extracted in 10 mL 1% HCl-methanol solution in the dark for 2 h, after which absorbance of the extract was measured at 553 and 600 nm. The difference between the absorbance values was used to calculate the relative anthocyanin content, where a single unit was calculated as (OD 553 -OD 600 ) x 10. The concentration of soluble carbohydrates was measured using an Abbe refractometer (2WAJ, Shanghai Optical Instrument Factory, Shanghai, China). All of the measurements were repeated three times.
Statistical analyses
All of the statistical analyses were performed using the SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). Data are reported as means ± SD.
RESULTS
Cloning of the blackcurrant anthocyanidin synthase gene homolog
The PCR amplification of reversely transcribed blackcurrant peel cDNA generated two products of approximately 344 and 50 bp in length (Figure 2 ). Sequence analysis showed that the larger fragment was highly homologous to the sequences of anthocyanidin synthase genes in GenBank, but was not a full-length cDNA. 5' and 3' RACE-generated fragments of 638 and 617 bp in length, respectively, were cloned, sequenced, and assembled into a full length cDNA of 1427 bp (GenBank accession No. KC493686), which was named RnANS1. 
RnANS1 nucleotide and deduced amino acid sequence analysis
The cDNA sequence of RnANS1 contained an ORF that was 1074 bp long, with an ATG located at nucleotides 103-105 and a termination codon (TGA) located at nucleotides 1174-1176. It had a 5'-untranslated region (UTR) that was 102-bp long (1-102 bp) and a 3'-UTR that was 251-bp long (1177-1427 bp). The ORF encoded a protein that contained 357 amino acids, with a predicted molecular weight of 40.51 kDa and an isoelectric point of 5.45. To our knowledge, this is the first ANS homolog to be cloned from blackcurrant, hence its designation as RnANS1.
In silico protein domain analysis showed that the protein encoded by RnANS1 contained regions homologous to the DIOX_N and 2OG-FeII_Oxy DIOX_N domains (Figure 3) . The former is highly conserved in the N-terminal regions of proteins with 2OG/Fe(II)-dependent dioxygenase activity, while the latter is conserved in members of the 2OG and Fe(II)-dependent oxygenase superfamily. Amino acid sequence alignment between RnANS1 and other ANS homologs showed that RnANS1 has high amino acid sequence identity with ANS in Paeonia suffruticosa (AEN71543.1, 83%), P. lactiflora (AFI71900.1, 83%), Ampelopsis grossedentata (AGO02175.1, 83%), Vitis vinifera (ABV82967.1, 83%), T. cacao (ADD51356.1, 82%), Citrus sinensis (AAT02642.1, 80%), and Pyrus communis (AGL50919.1, 77 %) (Figure 4) . Phylogenetic analysis indicated that RnANS1 is the most closely related to P. suffruticosa and P. lactiflora. It is also closely related to A. grossedentata (Ampelopsis), V. vinifera (grape), T. cacao (cocoa), and less closely related to C. sinensis (orange), and P. communis (pear) (Figure 5 ). 
Correlation between RnANS1 transcript levels and anthocyanin and soluble carbohydrate levels during fruit maturation
Given its regulation of a key terminal reaction in flavonoid biosynthesis, we were interested in characterizing the regulation of RnANS1 expression in maturing blackcurrant fruit. RnANS1 transcript levels increased during each of the five developmental stages, particularly during the latter stage of fruit development (Figure 6a) , reaching a peak when the fruit was fully mature ( Figure 5 ). Fruit pigment and anthocyanin levels accumulated over the same period, beginning at the start of veraison, reaching a peak at 80% veraison, and decreasing slightly thereafter (Figure 6b ), probably due to increased fruit weight. Similarly, fruit-soluble carbohydrate levels increased as the fruit matured (Figure 6c ). RnANS1 expression during fruit maturation was positively correlated with both anthocyanin (r = 0.71) and soluble carbohydrate (r = 0.88) levels. 
DISCUSSION
Using a homologous cloning strategy, we successfully amplified a full-length cDNA sequence that was highly identical to ANS gene sequences in GenBank, and encoded a key enzyme in anthocyanin biosynthesis with significant sequence similarity to three other flavonoid pathway enzymes (Turnbull et al., 2000 (Turnbull et al., , 2004 . The sequence, which is to our knowledge the first reported in blackcurrant, was designated RnANS1, to reflect the fact that other currently uncharacterized ANS genes might be present in this plant. Consistent with its presence in a member of the Paeoniaceae family, phylogenetic analysis indicated that RnANS1 is the most closely related to P. suffruticosa and P. lactiflora.
The RnANS1 cDNA was deduced to encode a protein containing DIOX_N and 2OG-FeII_Oxy DIOX_N domains, which are highly conserved in enzymes with 2OG/Fe (II)-dependent dioxygenase activity, indicating that RnANS1 encodes an oxygenase that catalyzes the oxidation of leucocyanidins to colored anthocyanins. The involvement of this protein in anthocyanin synthesis is further supported by the fact that RnANS1 transcript levels and anthocyanin content increased in parallel during fruit development. These expression data indicate that the cloned gene is actively transcribed during the fruit development stages and developmentally regulated. These findings are consistent with results obtained in previous studies of other ANS genes (Boss et al., 1996; Deytieux et al., 2007) .
It should be noted that this RnANS1 expression profile is in contrast to that in grape berries, in which ANS transcript levels peak at an early stage of fruit development and decline gradually during the 30 to 60 days after full bloom (Wang et al., 2011) , indicating that the expression profile of ANS is species-specific. In addition to the correlation between RnANS1 transcript levels and anthocyanin content, we found that RnANS1 expression and soluble carbohydrate levels were also related, although the reason for this is unclear.
Given that the antioxidant activities of anthocyanins have beneficial implications for human health (Cheng et al., 2009; Singh et al., 2009 ), a better understanding of the synthesis of these molecules would facilitate their production for potential therapeutic and nutritional purposes. A previous study showed that transgenic silencing of ANS in apples largely ablated anthocyanin biosynthesis, resulting in a shift in the profiles of flavonoids and their related polyphenols, and significantly reduced plant viability (Szankowski et al., 2009) . Consistent with this, the flavonoid profile that results from overexpression of ANS has been shown to be associated with increased antioxidant potential in rice (Reddy et al., 2007) . Our isolation of RnANS1 opens up the possibility of boosting blackcurrant anthocyanin content and flavonoid levels by genetic engineering, since the plant is now amenable to Agrobacterium-mediated transformation .
In summary, a full-length cDNA that was 1427 bp in length, homologous to the anthocyanidin synthase gene, was cloned from blackcurrant. The deduced protein contained domains conserved in the 2OG and Fe(II)-dependent oxygenase, and was phylogenetically closely related to P. suffruticosa and P. lactiflora. RnANS1 expression increased during fruit maturation, and was correlated with the accumulation of anthocyanins and soluble carbohydrates in the fruit.
